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HIGHLIGHTS 


►  We  synthesize  Zn2Sn04-nanocrystal/graphene-nanosheet  hybrid  by  an  in  situ  route. 

►  The  hybrid  exhibits  an  improved  electrochemical  performance  than  bare  Zn2Sn04. 

►  The  graphene  offers  buffering,  conducting,  and  immobilizing  effects  for  Zn2Sn04. 
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A  Zn2Sn04-nanocrystals/graphene-nanosheets  (Zn2Sn04/G)  nanohybrid  has  been  prepared  by  a  facile  in 
situ  hydrothermal  route  using  SnCl4*5H20,  ZnCl2  and  graphite  oxide  (GO)  as  the  precursors  and 
N2H4*H20  as  the  mineralizer  and  reducing  agent.  The  formation  of  Zn2Sn04  and  the  reduction  GO  occur 
simultaneously  during  the  hydrothermal  process.  The  Zn2Sn04  nanocrystals  are  uniformly  dispersed  and 
immobilized  by  the  graphene  nanosheets  reduced  from  GO.  The  direct  restacking  of  the  hydrophobic 
graphene  sheets  is  inhibited  by  loading  Zn2Sn04  nanocrystals  as  the  spacers.  Zn2Sn04/G  shows  an 
improved  electrochemical  performance  than  bare  Zn2Sn04  due  to  the  conducting,  dispersing  and 
immobilizing  effects  of  graphene. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  reported  by  Idota  et  al.  that  tin-based  amorphous  oxide 
exhibited  a  stable  capacity  of  over  600  mAh  g-1  [1],  a  renewed 
interest  has  turned  to  tin-based  oxide  anodes  for  Li-ion  batteries. 
The  theoretical  capacity  of  Sn02  can  reach  as  high  as  780  mAh  g-1 
with  the  lithiation  mechanism:  Sn02  +  4Li  -►  Sn  +  2Li20, 
Sn  +  xLi  *->  LixSn  (x  <  4.4)  [2].  This  material,  however,  suffers  from 
a  rapid  capacity  fade  due  to  the  large  volume  changes  (358%)  upon 
Li-insertion/extraction.  It  was  found  that  nanostructured  Sn02 
could  exhibit  an  improved  cycling  stability  compared  to  its  bulk 
counterpart  [3-9].  However,  nanoparticles  tend  to  aggregate  upon 
repeated  cycling.  A  practical  strategy  to  overcome  this  problem  is  to 
load  the  nanoparticles  onto  a  matrix.  Improvement  in  electro¬ 
chemical  performance  was  observed  when  carbon  materials  were 
used  as  the  matrices  [10-15]. 


*  Corresponding  author.  Tel.:  +86  571  87952181;  fax:  +86  571  87951451. 
E-mail  address:  xiejianl977@zju.edu.cn  (J.  Xie). 

0378-7753 /$  —  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2012.ll.090 


Compared  with  conventional  carbon  materials,  graphene, 
a  two-dimensional  (2D)  carbon  material  [16],  is  more  attractive  as 
a  matrix  to  support  Sn02  nanoparticles.  Recent  research  has  shown 
that  the  electrochemical  performance  of  Sn02  could  be  significantly 
enhanced  by  anchoring  it  onto  graphene  [17-25].  The  flexible 
graphene  not  only  buffers  the  volume  changes  during  Li-insertion/ 
extraction  processes  but  also  prevents  the  aggregation  of  the 
nanoparticles  upon  long-term  cycling  due  to  its  large  specific 
surface  area  [26]  and  high  mechanical  strength  [27].  Other  merits 
by  using  graphene  as  the  matrix  include:  (i)  graphene  with  a  high 
electronic  conductivity  [28]  can  serve  as  continuous  conducting 
channels  for  the  Sn02  nanoparticles;  (ii)  graphene  itself  shows 
reversible  Li-storage  properties  [29,30],  which  means  that  the 
introduction  of  graphene  will  not  sacrifice  the  capacity  of  Sn02 
obviously. 

Besides  these  simple  tin  oxides,  some  Sn-based  mixed  oxides 
M2Sn04  (M  =  Mg  [31,32],  Co  [32,33],  Mn  [32],  and  Zn  [32,34])  with 
an  inverse  spinel  structure  are  also  potential  anodes  for  Li-ion 
batteries.  For  Co2Sn04,  an  enhancement  in  electrochemical 
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performance  was  realized  either  by  using  nanosized  material  [35] 
or  by  introducing  a  carbon  matrix  [36,37].  In  the  above  mixed 
oxides,  Zn2Sn04  is  received  special  interest  because  both  Zn  and  Sn 
contribute  to  the  overall  capacity  by  forming  Li-Zn  and  Li-Sn 
alloys  [34].  To  our  best  knowledge,  however,  there  is  no  report 
about  the  effect  of  graphene  on  the  electrochemical  properties  of 
Zn2SnC>4.  Herein,  we  report  a  facile  one-pot  in  situ  hydrothermal 
route  to  prepare  Z^SnCH-nanocrystals/graphene-nanosheets 
(Zn2Sn04/G)  nanohybrid.  The  electrochemical  tests  showed  that 
the  Zn2Sn04/G  hybrid  exhibits  a  obviously  improved  electro¬ 
chemical  performance  compared  with  bare  Z^SnCH,  indicating  its 
promising  application  as  anode  for  Li-ion  batteries. 

2.  Experimental 

2.2.  Preparation  of  Z^SnO^G  nanohybrid 

Graphite  oxide  (GO,  60  mg),  prepared  by  a  modified  Hummer’s 
method  [38],  was  added  into  deionized  (DI)  water  under  sonication 
for  3  h  to  form  a  uniform  solution.  Then,  0.5  mmol  of  SnCl4-5H20 
and  1  mmol  of  ZnCl2  were  mixed  in  DI  water  and  added  slowly  into 
the  above  solution  with  stirring  for  2  h.  Afterwards,  4  mmol  of 
N2H4*H20  was  added  with  stirring  for  another  0.5  h.  The  mixed 
solution  was  then  transferred  to  a  100  mL  Teflon-lined  stainless 
steel  autoclave  and  heated  in  an  electric  oven  at  200  °C  for  24  h.  The 
resulting  product  was  collected  by  centrifugation,  washed  with  DI 
water  and  absolute  ethanol  for  several  times  and  dried  at  60  °C 
under  vacuum  overnight.  Bare  Zn2Sn04  was  also  synthesized  with 
a  similar  route  without  adding  GO. 

2.2.  Materials  characterization 

The  crystal  structures  of  the  hydrothermal  products  were 
checked  by  X-ray  diffraction  (XRD)  on  a  Rigaku  D/Max-2550pc 
powder  diffractometer  equipped  with  Cu  Ka  radiation 
(A  =  0.1541  nm).  The  Raman  spectra  were  recorded  on  a  Jobin-Yvon 
Labour  Raman  HR-800  using  Ar-ion  laser  of  514.5  nm.  X-ray 
photoelectron  spectroscopy  (XPS)  was  collected  on  a  KRATOS  AXIS 
ULTRA-DLD  spectrometer  with  a  monochromatic  Al  Ka  radiation 
(hv  =  1486.6  eV).  The  morphologies  of  the  products  were  observed 
by  field  emission  scanning  electron  microscopy  (FE-SEM)  on  a  FEI- 
sirion  microscope  and  transmission  electron  microscopy  (TEM)  on 
a  JEM  2100F  microscope.  Thermogravimetric  (TG)  analysis  was 
conducted  on  a  DSCQ1000  instrument  from  30  to  800  °C  at 
a  heating  rate  of  10  °C  min-1  under  air. 

23.  Electrochemical  measurements 

The  electrochemical  performance  of  the  hydrothermal  products 
was  evaluated  by  galvanostatic  cycling  using  CR2025-type  coin 
cells.  The  electrode  slurry  was  made  by  dispersing  75wt.%  active 
material  (Zn2Sn04/G,  Zn2Sn04),  15  wt.%  acetylene  black  and  10  wt.% 
polyvinylidene  fluoride  (PVDF)  in  N-methyl  pyrrolidone  (NMP) 
with  magnetic  stirring  for  2  h.  The  slurry  was  then  coated  onto  Ni 
foam  and  dried  at  100  °C  under  vacuum  overnight  to  make  the 
working  electrodes.  The  electrodes  were  assembled  into  half  cells 
in  an  Ar-filled  glove  box  using  Li  foil  as  the  counter  electrode  and 
Celgard  2300  membrane  as  the  separator.  The  electrolyte  used  was 
1  M  LiPF6  in  ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC) 
(1:1  in  volume).  The  cells  were  charged-discharged  at  various 
current  densities  between  0.005  and  3  V  (vs.  Li/Li+)  on  a  Neware 
battery  tester  (Shenzhen,  China).  The  capacity  of  Z^SnCH/G  is 
calculated  based  on  the  total  mass  of  Zn2Sn04  and  graphene.  All  of 
the  electrochemical  measurements  were  carried  out  at  25  °C. 


3.  Results  and  discussion 

Fig.  la  gives  the  XRD  patterns  of  Z^SnCH/G  and  Z^SnCH 
prepared  at  200  °C  for  24  h.  The  dominant  diffraction  peaks  can  be 
indexed  to  cubic  Z^SnCH  with  a  space  group  Fd3m  (JCPDS  No.74- 
2184)  for  both  samples.  The  small  diffraction  peak  at  20  =  27°  is  the 
(110)  peak  of  Sn02.  For  Z^SnCH/G,  the  characteristic  peak  of  (002) 
plane  of  graphene,  which  should  appear  at  20  =  25°,  cannot  be 
clearly  observed,  due  possibly  to  the  low  graphene  content  and/or 
the  poor  crystallization  of  graphene  prepared  by  solution  route. 

Fig.  lb  shows  the  TG  curve  of  Z^SnCH/G  in  air  between  30  and 
800  °C.  The  weight  loss  before  100  °C  is  due  to  the  loss  of  the 
absorbed  water  trapped  within  the  graphene  sheets  [39].  The 
continuous  weight  loss  between  100  and  800  °C  signifies  the 
removal  of  the  residual  oxygen-containing  groups  and  the 
combustion  of  the  carbon  skeleton  into  carbon  oxides.  The  gra¬ 
phene  content  in  ZnFe204/G  is  estimated  to  be  17.4  wt.%  based  on 
the  TG  analysis.  The  weight  of  the  absorbed  water  is  excluded  in  the 
weight  of  graphene  since  ZnFe2C>4/G  will  be  dried  at  100  °C  under 
vacuum  before  the  electrochemical  tests. 

The  Raman  spectra  of  Z^SnCH/G  and  GO  are  presented  in  Fig.  lc. 
Note  that  both  Zn2Sn04/G  and  GO  exhibit  two  bands  at  1350  and 
1580  cm-1,  corresponding  to  the  D  line  and  G  Line,  respectively,  of 
carbon  materials  [40].  The  G  line  is  due  to  the  E2g  phonon  of  the  sp2 
carbon  atoms,  while  the  D  line  is  a  breaking  mode  of  K-point 
phonons  of  Aig  symmetry  [40,41  ].  As  seen  in  the  figure,  Zn2Sn04/G 
displays  an  increased  D-to-G  intensity  ratio  compared  with  GO, 
which  is  due  to  the  decrease  of  the  average  size  of  the  sp2  domains 
during  the  reduction  of  GO  [40].  Nevertheless,  the  number  of  the 
sp2  domains  is  increased  during  the  reduction  reactions  [42].  The  G 
peak  exhibits  an  asymmetric  feature.  In  fact,  a  D'  peak  appears  on 
the  shoulder  of  G  peak  (1620  cm-1).  The  D'  peak  is  a  defect  peak 
related  to  the  intra-valley  scattering  [43]. 

Besides  the  Raman  spectra,  XPS  is  another  effective  tool  to 
monitor  the  reduction  process  of  GO  to  graphene.  Fig.  Id  compares 
the  Cls  XPS  spectra  of  Zn2Sn04/G  and  GO.  The  spectra  can  be 
deconvoluted  into  different  forms  of  carbons:  sp2-hybridized 
graphitic  carbon  (C=C,  284.8  eV),  sp3-hybridized  saturated  carbon 
(C-C,  285.6  eV),  carbon  in  C-0  bonds  (286.3  eV),  carbonyl  carbon 
(C=0,  287.6  eV)  and  carboxylate  carbon  (0-C=0,  289.0  eV) 
[44,45].  During  the  hydrothermal  reactions  using  N2H4-H20  as  the 
reducing  agent,  the  relative  peak  intensity  of  the  oxygenated 
carbons  (C-O,  C=0,  0-C=0)  to  non-oxygenated  carbons  (C-C  or 
C=C)  demonstrates  a  considerable  decrease,  which  signifies  the 
sufficient  reduction  of  GO  to  graphene,  in  consistent  with  the 
Raman  results. 

Fig.  2a  shows  a  typical  SEM  image  of  the  Zn2Sn04/G  hybrid.  The 
hybrid  exhibits  a  sheet  structure  composed  of  graphene  and  the 
anchored  Zn2Sn04.  The  size  of  the  sheet  is  as  large  as  several 
microns.  It  is  worth  noting  that  almost  all  the  Zn2Sn04  particles  are 
anchoring  on  graphene  without  forming  free  Zn2Sn04  particles 
even  though  undergone  vigorous  ultrasonication  treatment.  This 
indicates  that  there  is  a  strong  interaction  between  Zn2Sn04  and 
graphene.  Fig.  2b  shows  the  magnified  SEM  view  of  Zn2Sn04.  Note 
that  nanoscaled  Z^SnCH  crystals  are  uniformly  anchoring  on  the 
graphene  sheets.  From  the  edge  of  the  Z^SnCH/G  hybrid,  it  is  clear 
that  the  hybrid  exhibits  a  layered  structure  constructed  by  alter¬ 
natively  arranged  Z^SnCH  nanocrystals  and  graphene  nanosheets 
as  indicated  by  the  arrows.  Without  the  immobilization  effect  of 
graphene,  the  Z^SnCH  nanoparticles  tend  to  aggregate  as  indicated 
in  Fig.  3. 

Fig.  2c  shows  a  TEM  image  of  the  Z^SnCH/G  hybrid.  It  is  clear 
that  Zn2Sn04  nanocrystals  are  uniformly  anchored  on  graphene. 
The  Zn2Sn04  has  a  quasi-sphere  shape  with  a  size  of  10-20  nm.  It  is 
suggested  that  the  electrostatic  attraction  between  the  positively 
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Fig.  1.  (a)  XRD  patterns  of  Zn2Sn04  and  Zn2Sn04/G,  (b)  TG  curve  of  Zn2Sn04/G,  (c)  Raman  spectra  of  Zn2Sn04/G  and  GO  and  (d)  Cls  XPS  of  Zn2Sn04/G  and  GO. 


charged  metal  ions  (Zn2+  and  Sn4+)  and  the  negatively  charged 
graphene  oxide  sheets  [46]  in  the  precursors  plays  an  important 
role  in  determining  the  uniform  attachment  of  the  Zn2Sn04 
nanocrystals  on  graphene  in  the  final  product.  The  transparent 
nature  and  the  wrinkles  in  graphene  also  suggest  that  the  graphene 


is  rather  thin  consisted  likely  of  few-layer  sheets.  Namely,  it  is  well 
separated  by  the  attached  Zn2Sn04  nanoparticles,  agreeing  well 
with  the  XRD  results  that  the  graphene  in  Z^SnC^/G  is  undetect¬ 
able  by  XRD  even  though  it  has  a  relatively  high  content  ( 17.4  wt.%). 
Fig.  2d  shows  the  lattice  resolved  high-resolution  TEM  (HRTEM) 


Fig.  2.  (a)  Low-magnification  SEM,  (b)  high-magnification  SEM,  (c)  TEM  and  (d)  HRTEM  images  of  Zn2Sn04/G. 
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Fig.  3.  SEM  image  of  bare  Zn2Sn04. 


image  of  an  individual  Z^SnCXj  nanocrystal  on  graphene.  The 
fringe  spacing  is  measured  to  be  0.31  nm,  corresponding  to  the 
interplanar  spacing  of  (220)  plane  of  Z^SnCXp  Therefore,  it  can  be 
concluded  from  the  XRD,  Raman,  XPS,  SEM,  TEM  and  HRTEM 
results  that  a  Z^SnC^/G  hybrid  has  formed  during  this  one-step  in 
situ  hydrothermal  route. 

Fig.  4a  shows  the  voltage  profiles  of  Zn2Sn04/G  and  Z^SnCU  for 
the  first  three  cycles.  The  cells  were  charged-discharged  at 
50  mA  g-1  between  0.005  and  3  V.  The  capacity  of  Z^SnC^/G  is 
calculated  based  on  the  total  weight  Zn2Sn04  and  graphene, 
namely,  the  capacity  per  unit  composite  weight.  The  first  charge 
(Li-extraction)  and  discharge  (Li-insertion)  capacities  of  Zn2Sn04 
are  836  and  1714  mAh  g-1,  respectively.  The  theoretical  maximum 
capacity  of  Zn2Sn04  is  547  mAh  g'1  according  to  the  reaction 
mechanism  proposed  by  Rong  et  al.  [34]: 

8Li+  +  Zn2Sn04  +  8e_  2Zn  +  Sn  +  4Li20  (1) 

xLi+  +  Sn  +  xe_  <-+  Li*Sn,  0  <  x  <  4.4  (2) 


Fig.  4.  (a)  Voltage  profiles  of  Zn2Sn04/G  and  Zn2Sn04  charged-discharged  at  50  mA  g  \  (b)  cycling  performance  of  Zn2Sn04/G  and  Zn2Sn04  charged  at  50  and  200  mA  g_1  and 
discharged  at  50  mA  g_1,  and  bare  graphene  charged-discharged  at  50  mA  g-1,  (c)  cycling  performance  of  Zn2Sn04/G  charged  at  400,  800  and  1600  mA  g-1  and  discharged  at 
50  mA  g  \  (d)  cycling  performance  of  Zn2Sn04/G  with  different  graphene  contents  charged  at  400  mA  g-1  and  discharged  at  50  mA  g  \  and  (e)  rate  capability  of  Zn2Sn04/G  and 
Zn2Sn04. 
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Li+  +  Zn  +  ye  <-+  LiyZn,  0  <  y  <  1  (3) 

On  the  other  hand,  if  Eq.  (1)  is  completely  reversible,  the 
maximum  capacity  of  Zn2Sn04  is  1231  mAh  g_1.  This  means  that  Eq. 
(1)  is  reversible,  at  least  partially,  agreeing  with  the  previous 
findings  [34].  For  Z^SnO^G,  the  first  charge  and  discharge 
capacities  are  911  and  1685  mAh  g-1,  respectively.  The  high  charge 
capacity  of  Z^SnO^G  is  likely  attributed  to  the  synergetic  effect 
between  Zn2Sn04  nanocrystals  and  the  conductive  graphene.  As 
seen  in  Fig.  4b,  although  bare  graphene  only  gives  a  specific 
capacity  below  300  mAh  g-1,  the  spacer  effect  of  the  anchored 
Zn2Sn04  nanocrystals  maximizes  the  contact  of  graphene  with  the 
electrolyte,  which  adds  the  capacity  of  graphene  contributed  by  Li- 
ion  absorption  [47],  besides  the  intercalation  effect.  For  both 
samples,  however,  a  large  first  irreversible  is  observed,  due  to  the 
decomposition  of  the  electrolyte  and  the  formation  of  the  solid 
electrolyte  interface  (SEI)  [34]. 

Fig.  4b  compares  the  cycling  stability  between  Zn2Sn04/G  and 
Zn2Sn04.  The  cells  are  charged  at  50  and  200  mA  g-1  and  dis¬ 
charged  at  50  mA  g-1  over  the  voltage  range  of  0.005-3  V.  It  is 
evident  that  Zn2Sn04/G  exhibits  an  improved  cycling  stability 
compared  with  bare  Zn2Sn04.  The  charge  capacity  of  bare  Zn2Sn04 
drops  rapidly  from  836  to  406  mAh  g-1  after  50  cycles  at  50  mA  g_1. 
For  Zn2Sn04/G,  a  charge  capacity  of  688  mAh  g-1  can  still  be 
retained  after  50  cycles  at  200  mA  g_1.  The  improved  cycling 
stability  can  be  ascribed  to  the  buffering  effect  of  the  introduced 
graphene,  which  effectively  alleviates  the  large  volumes  changes  of 
Zn2SnC>4  upon  Li-insertion/extraction.  The  large  volume  changes 
are  responsible  for  the  pulverization  and  exfoliation  of  the  active 
materials,  which  lead  to  the  failure  of  physical  contact  between  the 
active  materials  and  the  current  collector.  In  addition,  the  aggre¬ 
gation  of  the  nanoparticles  can  be  inhibited  by  the  immobilization 
effect  of  graphene.  The  particles  aggregation  also  contributes  to  loss 
of  the  physical  contact  with  the  current  collector,  causing  a  rapid 
capacity  fade. 

Fig.  4c  gives  the  cycling  stability  of  Zn2Sn04/G  at  high  current 
densities.  The  cells  are  charged  at  400,  800,  and  1600  mA  g-1  and 
discharged  at  50  mA  g-1.  The  initial  charge  capacities  of  Z^SnC^/G 
at  400  and  800  mA  g-1  can  reach  713  and  711  mAh  g-1,  respectively. 
The  high  charge  capacity  of  Zn2Sn04/G  at  high  current  densities  is 
due  to  the  conductive  effect  of  graphene,  which  enhances  the 
electrode  kinetics  and  increases  the  utilization  of  the  active  mate¬ 
rials.  After  being  cycled  at  800  mA  g-1  for  40  cycles,  a  charge 
capacity  over  500  mAh  g-1  is  still  maintained.  For  Zn2Sn04/G,  a  first 
charge  capacity  of  439  mAh  g-1  can  still  be  obtained  at  a  current 
density  as  high  as  1600  mA  g-1.  This  current  density  is  over  1  C, 
even  though  considering  the  complete  reversible  reaction  of  Eq.  (1 ). 
After  40  cycles  at  1600  mA  g-1,  a  charge  capacity  over  300  mAh  g-1 
can  be  still  kept,  indicating  the  high-rate  cycling  stability  of 
Zn2Sn04/G.  Obviously,  graphene  plays  a  crucial  role  in  determining 
the  good  cycling  stability  of  Zn2Sn04/G  at  high  current  densities. 
For  comparison,  the  cycling  performance  of  natural  graphite  (the 
same  sample  used  to  make  GO).  It  should  be  stressed  that  although 
natural  graphite  has  a  theoretical  capacity  of  372  mAh  g-1,  it  can 
deliver  a  charge  capacity  of  only  127  mAh  g'1  after  50  cycles  at 
1600  mA  g-1.  As  seen  in  Fig.  4c,  the  capacity  of  Zn2Sn04/G  exhibits 
a  fluctuation  with  cycling,  due  possibly  to  the  pseudocapacitive 
character  of  the  polymeric  film  [48]. 

Fig.  4d  shows  effect  of  graphene  content  on  cycling  stability 
Zn2Sn04  charged  at  400  mA  g-1.  The  other  two  Zn2Sn04/G  samples 
are  synthesized  using  the  same  procedure  described  above  by 
adding  20  and  40  mg  GO  in  the  precursors,  corresponding  to  gra¬ 
phene  contents  of  8.9  wt.%  and  13.6  wt.%,  respectively.  Clearly, 
Zn2Sn04/G  exhibits  improved  cycling  stability  with  increasing 
graphene  content  especially  in  the  initial  cycles.  It  was  found  that 


Fig.  5.  Ex  situ  XRD  of  Zn2Sn04  electrode  at  different  charge-discharge  states. 

further  increasing  the  graphene  content  cannot  improve  the 
cycling  stability  of  Zn2Sn04  obviously,  but  will  increase  the  first 
irreversible  capacity  of  the  ZnFe204/G  composite  due  to  the  large 
first  irreversible  capacity  of  bare  graphene. 

Fig.  4e  compares  the  rate  capability  between  Zn2Sn04/G  and 
Zn2Sn04.  Zn2Sn04/G  shows  a  better  rate  capability  than  bare 
Zn2Sn04.  It  suggests  that  the  improved  rate  capability  comes  mainly 
from  two  factors:  first,  the  highly  conductive  graphene  offers  2D 
conductive  channels  for  the  Zn2Sn04  nanocrystals;  second,  the 
layered  structure  of  Zn2Sn04/G  hybrid  facilitates  the  better  wetting 
of  the  active  materials  by  the  electrolyte,  leading  to  the  faster  Li-ion 
transport  across  the  electrode/electrolyte  interface.  For  Zn2Sn04/G, 
after  being  cycled  at  high  current  densities,  the  charge  capacity  can 
be  recovered  to  a  high  value  when  the  current  density  is  shifted  to 
a  low  value,  indicating  that  the  integrity  of  electrode  can  be  kept 
during  cycling  by  introducing  graphene.  By  contrast,  for  bare 
Zn2Sn04,  the  recovery  of  the  charge  capacity  cannot  be  fully  realized 
upon  decreasing  the  current  density,  suggesting  that  the  electrode 
integrity  has  been  destroyed  after  high-rate  cycling. 

The  lithiation-delithiation  mechanism  of  Zn2Sn04  was  inves¬ 
tigated  by  ex  situ  XRD  upon  first  discharge-charge  cycle  as  shown 
in  Fig.  5.  Note  that  Sn,  Zn,  LiZn  and  Li-Sn  phases  form  upon 
progressive  Li  uptake  process.  Meanwhile,  the  peak  intensity  of 
original  Zn2Sn04  is  on  the  decrease  during  the  discharge  process, 
indicative  of  its  decomposition  upon  Li  uptake.  When  discharged  to 
0.005  V,  the  peaks  of  Zn2Sn04  disappear  with  L^O  and  LiZn  phases 
formed.  The  small  peaks  at  20  =  20-30°  are  related  to  the  various 
Li-Sn  phases  (Li5Sn2,  Lii3Sn5,  Li7Sn2,  Li22Sn5)  [2].  The  presence  Sn 
and  Zn  at  this  potential  indicates  that  the  lithiation  reactions  of  Sn 
and  Zn  cannot  be  fully  completed  even  though  at  deep  discharge 
state.  When  re-charged  to  0.8  V,  L^O,  Li-Sn  alloys  and  LiZn  phases 
disappear  completely,  indicating  the  decomposition  of  these  pha¬ 
ses  upon  Li-extraction,  while  the  peak  intensity  of  the  residual  Zn 
and  Sn  undergo  a  gradual  decrease.  At  the  charge  potential  of  3  V, 
all  the  diffraction  peaks  disappear,  suggesting  that  Zn  and  Sn  have 
been  oxidized  to  ZnO  and  Sn02  in  deep  charge  state.  The  absence  of 
the  Zn2SnC>4  (or  the  mixture  of  ZnO  and  Sn02)  peaks  implies  that 
they  are  in  an  amorphous  state,  in  contrast  to  the  previous  report 
[34],  where  Zn2Sn04  peaks  can  still  be  observed  upon  full  charge. 
The  difference  may  be  due  to  the  rather  small  size  of  Zn2Sn04 
crystals  in  our  Zn2Sn04/G  sample. 

4.  Conclusions 

In  summary,  a  layered  Zn2Sn04/G  nanohybrid  has  been 
successfully  synthesized  by  a  facile  one-pot  route.  The  Zn2Sn04 
nanocrystals  with  a  size  of  10-20  nm  are  confined  and  dispersed  by 
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the  graphene  sheets,  forming  a  unique  hybrid  nanostructure.  The 
Zn2Sn04 /G  nanohybrid  shows  better  cycling  stability  and  rate 
capability  than  bare  Zn2Sn04.  The  enhancement  in  cycling  stability 
is  attributed  to  the  incorporation  of  the  flexible  graphene  sheets 
that  act  both  as  the  buffer  to  alleviate  the  volume  changes  and  as 
the  separator  to  inhibit  the  aggregation  of  the  Zn2Sn04  particles. 
The  nanohybrid  also  exhibits  a  good  high-rate  cycling  stability.  The 
incorporation  of  graphene  also  supplies  2D  conductive  channels  for 
Zn2Sn04  nanocrystals  and  maximizes  their  exposure  to  the  elec¬ 
trolyte,  leading  to  the  improved  rate  capability.  The  good  electro¬ 
chemical  performance  of  Zn2Sn04 /G  makes  it  a  promising  anode 
material  for  Li-ion  batteries. 
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